Abstract: Liquid crystal cells based on lithium niobate substrates have recently been proposed as good candidates for opto uidic devices and for light-induced controlled generation of defects in liquid crystal lms. The peculiarity of these structures lies in the possibility of using the bulk photovoltaic e ect of lithium niobate to obtain an optically induced dc eld able to a ect the molecular liquid crystal director. Reversible fragmentation and selfassembling of liquid crystal droplets driven by the lithium niobate pyroelectric properties have also been reported. We review the basic results obtained so far with the aim of making the point and seeing what else can be done in the framework of the realization of hybrid structures combining lithium niobate with the electro-optical and nonlinear optical properties of liquid crystals.
Introduction
Lithium niobate (LiNbO ) has been among the most widely used arti cial materials in photonics [1] . The continuing popularity of LiNbO in this area originates from its highly desirable properties, such as large electro-optic, acousto-optic, piezoelectric, and nonlinear optical coecients, and also the important fact that this material can be rather easily produced in a single-domain state [2, 3] . Liquid crystals (LC), on their side, are known for their ready response to external stimuli, among which optical and electric elds are widely used in photonics and display applications [4, 5] . Recent studies [6] [7] [8] [9] have demonstrated the possibility of combining these two materials thus taking advantage of the peculiarities of both. In particular, lightinduced control of the optical phase shift by a LC cell having iron doped LiNbO crystals (LiNbO :Fe) as substrates [6, 7, 10] and the generation and manipulation of defects in LC lms deposited on LiNbO :Fe crystals [8, 9] have been reported. In all these papers the key role is played by the bulk photovoltaic e ect of LiNbO , particularly strong in iron doped crystals, able to convert optical elds into electric elds [11] . The bulk photovoltaic e ect is manifested by the appearance of a photo-induced current, which is generated in LiNbO upon illumination. The subsequent charge redistribution that takes place inside the crystal gives rise to an electric eld with values that can reach 10 V/cm. The electric eld associated with the photovoltaic current is referred to as photovoltaic eld [11] . Thanks to this peculiar e ect, the combination of liquid crystals and lithium niobate paves the way to the realization of novel micro uidic and photonic solutions that mix the peculiarities of the di erent constituents.
In addition, previous studies have shown that the high surface electric elds due to LiNbO pyroelectricity lead to reversible fragmentation and self-assembling of nematic liquid crystal droplets [12] , thus including the pyroelectric e ect among the lithium niobate properties that can be successfully combined with the LC responsiveness.
In this review the basic results obtained so far on LC/LiNbO hybrid structures are recalled with the aim of making the point and investigating further possible congurations.
Light-induced control of the optical phase shift in LC/LiNbO structures
The rst experiment on a LC cell with LiNbO substrates was reported by Evans et al. in 2006 [13] . With a very simple experimental set-up consisting of a cw green laser beam linearly polarized and focused on the sample, the authors demonstrated the possibility of a ecting the LC molecular orientation through the photovoltaic elds induced by light in each of the two LiNbO substrates enclosing the LC lm. Speci cally, they reported the photoinduced behavior of two kind of systems: a planar cell used as a spatial lter and a twisted cell used as a light valve. In the rst case, the light transmitted by the cell upon light irradiation was detected as a function of time and a fast decrease followed by an increase of the signal was observed. This behavior was accounted for considering that, due to the Gaussian pro le of the incident light beam, the buildup of charges and the subsequent eld across the LC layer were initially strongest in the center of the Gaussian beam. For this reason LC molecules were reoriented to di erent degrees across the inhomogeneous region of illumination and the LC lm acted as a lens to strongly diverge the incident light. When charges built up also at the less intense edges of the beam, the lensing e ect disappeared thus reducing the divergence of the transmitted beam (see Fig. 1 ). In the second case, light transmission between crossed polarizers was measured. The induced LC reorientation destroyed the initial longitudinal twist of the cell and the incident beam did not experience a rotation in polarization as it propagated through the cell. The presence of the crossed analyzer allowed for birefringent switching, causing the cell to function as a light valve. A secondary process of power transfer was also observed due to photorefractive two-beam coupling in LiNbO crystals involving the incident and re ected beams, this e ect being much slower than LC reorientation driven by the photovoltaic elds. This paper has the value of being the rst to propose this novel kind of LC cells and to demonstrate the in uence of the lithium niobate bulk photovoltaic e ect on the LC orientation; however, quantitative data on the induced phase shift were reported only ten years later, when similar hybrid structures were independently proposed [6, 10] .
In works [6, 10] , LC planar cells were realized using zcut (i.e. with the c-axis normal to the surfaces) LiNbO :Fe substrates that appear as optically isotropic when irradiated by light polarized in the plane of the cell. Good planar alignment of the LC molecules was obtained by treating the two LiNbO crystals with a bath of sulphuric acid and hydrogen peroxide. This made the crystals surfaces hydrophilic thus allowing the coating with Polyvinyl-alcohol, the usual surfactant used to obtain planar LC cells. Mechanical rubbing followed the PVA deposition to de ne the orientation of the LC molecular director. As demonstrated in those papers by pump-probe ex- periments, a light-induced control of the phase shift could be easily achieved with single beam illumination, corresponding to an induced optical anisotropy ∆n of about 0.1, making negligible any contribution originated from photorefractive nonlinearities of the LiNbO :Fe crystals. The phase shift was directly measured by detecting the probe light intensity transmitted by the cell upon pump irradiation with the pump beam polarized parallel to the unperturbed LC optic axis and the probe beam polarized at 45
• with respect to the pump. Speci cally, the transmitted light was divided into two signals: one polarized parallel and one orthogonal to the polarization direction of the probe light incident on the sample. Each of the two signals is related to the phase shift ∆φ experienced by the light travelling through the cell according to the relations [14] :
where d is the LC lm thickness and αo,e are the absorption coe cients for light polarized orthogonal and parallel to the molecular director. Therefore, if the di erence between the absorption coe cients is negligible, the induced phase shift can be easily determined from the ratio between the intensities I ⊥ and I || of the two beams [14] :
where the integer N represents the number of extrema (maxima and minima) in the curves I ⊥ and I || . An example of the behavior of the detected signals as a function of the exposure time is shown in Fig. 2 , where I ⊥ and I || are reported in the same graph [6] . The signals show the typical oscillations observed when a planar sample, in the same geometry as the one used in the experiment, is exposed to an increasing voltage, where each additional extrema corresponds to an increase of π of the phase shift between the two waves. The nal situation corresponds to almost uniform director alignment perpendicular to the substrates, thus allowing transmission of the signal parallel to the incoming polarization. In the present case the pump intensity is xed and the photovoltaic eld in the substrates gradually increases with time, which leads to a time increasing electric eld across the LC cell. It is seen that a phase shift of several π can be easily reached.
In order to exclude possible contributions from the direct e ect of light on the LC, similar measurements on conventional cells with glass substrates were performed and no response was detected. Empty LiNbO cells were also tested with the same result. The observed reorientation thus came from the combination of LiNbO with its bulk photovoltaic e ect and LC with its high sensitivity to electric elds.
The observed e ect was used to create a high contrast optical switch based on the transmission decrease induced by the LC transition from planar to homeotropic con guration under the action of the optically generated electric eld [6] . The response time of this optical switch was measured to be on the order of 1 s. Due to absence of power supply and wires, the described e ect is very promising for the generation of hybrid LiNbO /LC devices to be used in the frame of opto uidic applications where high degree of integration are required.
A detailed analysis of the electric eld optically induced in the region between the two LiNbO substrates as a function of the crystals' properties (such as iron content and reduction factor), was published one year later [7] . In this paper the eld values were rst evaluated starting from the measured phase shift ∆ϕ induced in the LC region, by pump probe experiments similar to those described in [6] . The dependence of ∆ϕ on the electric eld acting on the LC slab was derived from the minimization of the LC elastic free energy density combined with a term describing the coupling with the electric eld. The expected values of the eld responsible for the observed LC reorientation, reported in Fig. 3 , turned out to be on the order of (1 -10) x 10 V/m. The on-and o -times reported in [6] are both of the order of 1 s. The theoretical ratio between the two is given by
, where d is the cell thickness, K is the LC elastic constant, εa is the LC dielectric anisotropy and E is the value of the eld inducing the LC response. From this relation the estimate for the electric eld is 6 x 10 V/m. This value is comparable to those obtained by measuring the photocurrent induced in the LiNbO irradiated area [15] and to the ones measured by methods based on the photorefractive properties of LiNbO crystals [16] . In Table 1 iron concentration, photovoltaic eld in lithium niobate crystals and induced phase shift in the LC layer, are reported together for the illumination conditions used in the experiments described in [6] [7] [8] [9] [10] . It has been demonstrated that the LC reorientation induced by the photovoltaic eld optically generated in the cell's substrates gives rise to substantial values of the light-induced phase shift, which paves the way to a number of interesting applications, such as all-optical devices to be integrated in platforms exploiting lithium niobate as a substrate for opto uidic circuits. Table 1 : Iron concentration, photovoltaic eld in lithium niobate crystals and induced phase shift in the LC layer. Reprinted with permission from ref [7] .
The following step was to model the eld acting on the LC lm assuming a space charge density with Gaussian distribution on the surfaces of the irradiated lithium niobate area [7] . Speci cally, a surface charge density with Gaussian pro le which mimics that of the incident intensity was assumed:
being w the beam waist and D the modelling domain width (D = 5w and w = 750 µm). The electric eld generated by these light-induced charged areas was evaluated by solving the Maxwell equations for the system of the two photovoltaic substrates with the LC layer in between. The director was xed in the planar con guration and the calculations were done in 3D. The resulting electric eld pro le is reported in Fig. 4 . It is seen that the eld is inhomogeneous in the plane of the cell and is essentially uniform along the cell thickness. The value of the eld inside the LC layer is on the order of 10 V/m, which is nicely comparable to the values in Fig. 3 , calculated from the measured phase shift.
As a further test of the model, the LC director pro le were also evaluated and compared to the experimental results.
For this purpose the condition of xed planar alignment was relaxed and the calculation was made in 2D. This also allowed to nd the minimum value of the surface charge density required to get an almost total director reorientation from planar to homeotropic con guration. A value of σ on the order of 10 − C/m is expected. Besides the dopant concentration, another relevant parameter in determining the photovoltaic response of iron-doped lithium niobate, is the reduction degree R dened as the ratio between the density of Fe + and Fe + ions [16] . Even if the variation of R does not critically a ect the value of the photovoltaic eld , it has a relevant e ect on the response time of the crystals. Indeed, the characteristic time of the bulk photovoltaic e ect is the dielectric relaxation time, having the form [11, 16] :
where σ ph and σ d are the photo and dark conductivities, ϵ is the proper dielectric constant of LiNbO , γ is the recombination coe cient, q is the quantum e ciency of excitation of an electron upon absorption of a photon, µ is the carrier mobility, s is the photon absorption cross section, ν is the frequency of the light and I is the incident intensity. Thus, highly reduced samples are expected to exhibit a faster response, that is the induced photovoltaic eld reaches the saturation value in a shorter time with respect to those with a lower reduction degree. This is expected to a ect to some extent the response time of the lithium niobate based LC cells.
The role of R has been analyzed although results are still unpublished. The di erent values of the response time t* of four LC cells made with LiNbO :Fe substrates having the same iron concentration, but di erent values of R, were measured and compared (see Table 2 ). The response time was evaluated by pump probe experiments similar to those already described in this section, at a xed pump intensity I = 10 W/cm . It was observed that t* decreases with increasing R, except for the case of extremely highly reduced samples. A possible explanation for this phenomenon can be the high absorption coecient of highly reduced LiNbO :Fe crystals. In fact, the absorption coe cient is proportional to the density of Fe + ions [11, 16, 17] and, thus, it is high in crystals where R is high. In this case, in a LC cell based on such a type of substrates, the pump light that reaches the substrate not directly irradiated is expected to be much weaker than the light incident on the rst substrate, this e ect being more pronounced as R increases. This intensity loss, should result in a lowering of the photoconductivity and, thus, in an increase of τ (see Eq. 4), which in turn, a ects the LC response time. This latter can be written as [18] :
being ϵ and ∆ϵ the vacuum dielectric permittivity and the dielectric anisotropy of the LC, respectively and E is the modulus of the electric eld created in the cell by the two photovoltaic substrates. If R is high, the value of the photovoltaic eld generated in the photovoltaic substrates under illumination, for a xed pump intensity and a xed irradiation time, can be low, thus giving rise to a low E eld in the region lled by the LC and to a high response time t*. The results reported in [7] and the discussed role of the reduction factor, demonstrate that the electric eld gener- 
Defects generation in LC lms through the light action on LiNbO crystals
Another possible con guration of hybrid LC/ LiNbO structures, is the one combining a LiNbO crystal with an ordinary glass. This has been recently proposed by Habibpourmoghadam et al. to get optical formation and manipulation of defects in the liquid crystal lms [8, 9] . In ref. [8] , chiral nematic (N*) LC cells were obtained combining a z-cut LiNbO :Fe crystal and an ITO coated glass. In such a kind of LC cells the light induced electric eld was observed to lead to the formation of localized point defects, that did not relax upon stopping irradiation and that could be erased by defocusing the pump beam. Experiments were performed by irradiating the N* cells with a focused laser beam (λ = 532 nm) having a beam waist of about 15 µm (the incident beam is thus much more focused than in experiments reported in [6] and [7] where the beam waist was 750 µm). The ground state con guration, obtained by mechanical rubbing of the surfaces, was characterized by uniform LC orientation with the helix axis orthogonal to cell's substrates. Because of both the use of a focused irradiating beam and the presence of only one LiNbO substrate, the photovoltaic eld spatial distribution was found to be di erent with respect to the one observed in [6, 7, 10, 15] , in that the in plane components of the eld are now comparable to the out of plane one, as shown in Fig. 5a . In gures 5b and 5c the expected LC molecular director arrangement is also shown both during irradiation (red) and after removing the incident beam (green). According to the authors, within the beam waist area a focal conic state was eld-stabilized, whereas outside the beam waist area, the initial alignment stays al-most unperturbed because the eld is too weak to overcome the elastic torque. Thus, upon eld-removal, the LC could relax into a defect of the Franck-Pryce kind (Fig. 5b) which can be easily erased through exposure to a defocused laser beam which generates a much smoother eld distribution, as shown in Fig. 5c . The described eld induced point defects were used to write erasable patterns on the N* LC lm by scanning the laser beam along a programmed trajectory, thus demonstrating the high potential of the e ect for recon gurable pattern recording in N* LCs. According to authors, dye doping is not required thus samples cannot bleach, do not degrade upon exposure to non-focused light and the responses are highly reliable.
In ref. [9] experiments similar to those just described were performed on low birefringence nematic LC also. Two di erent con gurations were tested: in the rst one the LC was deposited on a LiNbO substrate to form an open LC lm, in the second one the lm was con ned in the form of 30 µm thick cells having one LiNbO crystal and one glass coverslip as substrates. In both cases all the surfaces were mechanically rubbed in order to induce planar alignment of the LC molecules. Again irradiation with a low power focused green laser beam induces the appearance of defects in the LC lm. Speci cally, the formation of radial and line defects was reported (see Fig. 6 ). The radial defects can also be entangled by the line defect, when two beams irradiation is carried out. An example of such a behavior is reported in Fig. 6c , where two radial entangled defects are clearly visible. A qualitative description of the expected induced director con guration was also proposed. An additional interesting feature of the interaction of light with the hybrid structures proposed in [9] is observed when irradiating an open LC lm deposited on a photovoltaic substrate (the rst con guration mentioned above) and scanning the laser beam across the edge of the lm. In this way the position of the radial defect was optically moved inside the LC lm and when the lm edge was reached, the LC lm expanded on the LiNbO substrate. According to authors LC expansion is due to the high polarizability of this material because of which it is attracted by dielectrophoretic forces caused by the light induced elds at the substrate surface [19] . The described edge expansion occurred in a few seconds and is shown in Fig. 7 . The possibility to optically generate and manipulate local structures in LC through the photovoltaic eld in-duced by light in lithium niobate substrates, demonstrated in [8, 9] , is clearly very promising for recording of recon gurable patterns in view of the realization of photonic components to be used alone or integrated in opto uidic devices.
Manipulation of liquid crystals through pyroelectric e ect
Dielectrophoretic forces were also proposed to explain the thermally induced phenomena occurring when the highly polar nematic LC 4-(trans-4-nhexylcyclohexyl)isothiocyanatobenzene (6CHBT) is deposited on a PDMS substrate lying on a z-cut periodically poled lithium niobate crystal [12] . Because of the hydrophobic nature of PDMS, LC arranged itself in randomly distributed droplets. An externally induced temperature variation led to the appearance of a pyroelectric eld on the surface of the LiNbO crystal, which, due to the dielectrophoretic interaction between the induced surface charges and the strong dipole moment of the used LC, gave rise to coalescence or fragmentation of drops and migrations along the electric eld lines. Subsequent studies performed on 4 ′ -octyl-4-biphenylcarbonitrile (8CB) LC highlighted the formation of chemical bonds between the adsorbed LC and the crystal substrates that have to be taken into account besides the dielectrophoretic forces [20] . Worthy of note the e ect reported in [12] is not related to light action and it could seem inappropriate to cite it in a review about photosensitive structures. However, pyroelectricity in LiNbO is known to arise even in case of high intensity light irradiation because of light absorption and heating [21] , similar droplets manipulation can thus be expected under illumination. Results reported in [12] are thus an additional demonstration of the versatility of LC/lithium niobate combined structures and of the possibilities o ered by the liaison between these two classes of materials.
Conclusion
The combination of soft matter and photoresponsive materials holds great promise in view of the realization of novel optical devices able to combine the peculiarity of the di erent components. Hybrid structures mixing lithium niobate and low molar mass nematic liquid crystals have recently been proposed as good candidates to be used in opto uidic devices and as promising systems for the light-induced controlled generation of defects in LC lms. LC manipulation through the pyroelectric e ect was also demonstrated. Results obtained so far with such combined structures have been reviewed here. LC cells having two equal LiNbO substrates have been analyzed through pump probe experiments. These latter demonstrated that, due to the charge separation occurring in lithium niobate upon illumination, an electric eld appears in the region in between the two substrates, which is able to a ect the LC molecular orientation. Since the charge separation creating the electric eld is generated by a laser beam impinging on one of the two LiNbO substrates, the eld is locally present only in a region of the cell just slightly larger than the beam waist. A detailed study of the spatial pro le of such an optically induced electric eld and of the extent to which it can reorient the LC director, showed that the proposed cells are very promising for the realization of all optical devices easily integrable into opto uidic platforms, where optically induced local electric elds can readily be generated and controlled.
Open nematic LC lms and cells having one LiNbO crystal and one glass plate as substrates have also been proposed and used for the optically controlled generation and manipulation of defects in LC. Both transient radial defects in low birefringence nematic LC and permanent, recon gurable Franck-Pryce defects in chiral nematic LC have been observed. The possibility of locally creating eld induced textural transitions in LC looks promising for recon gurable pattern recording. Moreover, defects with radial symmetry can be used for low power optical trapping and micromanipulation of colloids, which may pave the way to the realization of light induced photonic motives such as refractive index modulations (micro lenses, resonators), and complex structures of entangled defects, which can potentially be combined with colloids and defects induced by colloids [22] [23] [24] [25] [26] to build recon gurable, light induced photonic structures. Moreover, the ability to move a uid birefringent lm across a sample surface, as also demonstrated in [9] , is a technique with high potential for sensing and micromanipulation applications in micro uidic devices and lab-on-a-chip technology.
Results obtained in LC droplets systems deposited on PDMS substrates lying on periodically poled LiNbO crystals represents an additional novel approach for manipulating LC by means of the pyroelectric instead of the photovoltaic eld [12] . The two elds may also be present together and a combination of their e ects may be envisaged as an additional degree of freedom in controlling the LC response.
Overall, the combination LiNbO /LC has demonstrated to be fruitful and promising and several further investigations can be envisaged. For example, in all the studies reported so far z cut LiNbO crystals have been used; however studying the LC response to photovoltaic elds generated in x cut and y cut crystals alone or in combination with z cut ones, would be desirable, since it is known that the crystallographic orientation a ects the eld spatial pro le [27] and new e ects can be expected. The use of LC with low ionic content would also be of interest, since higher values of the induced electric elds can be expected and consequent improvements of the LC response can be foreseen. Moreover, pump probe experiments such as those described in [6, 7] repeated in micro uidic con guration, with the LC owing in microchannels engraved in LiNbO substrates, are also very desirable in view of investigating directly the possible generation of all optical devices based on LiNbO opto uidic platforms. Work in this latter direction is currently in progress and results will be reported in a forthcoming paper.
